Barium molybdate and Barium tungstate are important materials due their photoluminescent properties and they also have catalysis and photocatalysis applications. In this work, powders of these compounds were prepared by microwave-assisted hydrothermal (MAH) method and polymeric precursor method (PPM) and their structural and optical properties were studied. Furthermore, these materials were employed as solid catalysts towards gas phase toluene oxidation reactions. X-ray diffraction confirms the purity of materials at both preparation methods and reveals a preferential growth when the powders are prepared by MAH due polymeric agents and processing using microwave, which was confirmed by Field emission scanning electron microscopy. Photoluminesce emission was attributed to the charge-transfer transitions within the [ 
Introduction
Due to their attractive luminescence Barium molybdate (BaMoO 4 ) and Barium tungstate (BaWO 4 ) are important materials in the electrooptical industry [1] . They present general formula BaXO 4 (where X=Mo, W) and a scheelite-type tetragonal structure at room temperature. Belonging to the d°compounds with average wide gaps, these materials also can be envisaged as catalysts and photocatalysts either pure or doped [1] .
Various methods of synthesis have been used in the preparation of these compounds [2] [3] [4] [5] [6] , among these methods microwave-assisted hydrothermal (MAH) method and polymeric precursor method (PPM) were chosen for their synthesis in the present study.
In microwave-assisted hydrothermal method, molybdates and tungstates with scheelite-type structure are synthesized with high frequency electromagnetic radiation interacting with the permanent dipole of the solvent, which initiates a rapid heating from the resultant molecular rotation [7] . This reaction occurs in closed isolated system conditions, it is performed at pressures greater than 1 atm and temperatures above the boiling point of solvents, reducing the processing time to minutes. Therefore, microwave-assisted hydrothermal method is environmentally friendly and save energy.
Polymeric precursor method also presents significant efficiency in obtaining multi-component oxides; this process ensures the compositional homogeneity at the molecular scale due the immobilization of the metal complexes in rigid organic polymeric networks, which can reduce the metal segregation. The cation distribution throughout the entire gel system is of fundamental importance for the synthesis of multi-component oxides since the chemical homogeneity often determines the compositional homogeneity of the material [8] . Polymeric precursor method is considered low cost because the synthesis occurs at lower temperatures than those used by conventional techniques (e.g.
solid-state reaction).
Thus, in this paper we report the preparation of BaMoO 4 and BaWO 4 samples by MAH and PPM methods and their characterization. These materials were employed as solid catalysts towards gas phase toluene oxidation reactions to demonstrate their applications. Volatile organic compounds (VOCs), such as toluene, can be harmful to the environment and human health. So, it is desirable to control the emissions of these pollutants. Catalytic abatement of VOCs has been one of the emergent technologies, mainly because of the high degradation efficiency, even in effluents with low concentrations of VOCs, and low energy cost involved [9] [10] [11] O] (99% purity, Sigma-Aldrich) was diluted in 40 mL distilled water. After complete dissolution of the reagents, the solutions were mixed, and then 15 mL of ethylene glycol (EG) (99%, Synth) were added. For better dissolution of the reagents, the hydrolysis rate of system was increased adjusting the pH to 11 with the addition of 5 mL of NH 4 OH (27% in NH 3 , Synth). The solution remained stirring for 30 min. In the sequence, the solution was transferred to an autoclave and this was coupled to a microwave oven (2.45 GHz, maximum power of 800 W).
The processing occurs at a temperature of 140°C for 30 min and the heating rate was set at 25°C/min. The pressure into the autoclave was stabilized at 0.34 MPa. At the end of the microwave processing, the autoclave was cooled at room temperature. The obtained suspensions were washed several times with distilled water to remove the EG and the NH 4 OH, until to neutralize the pH solution (≈7) and the last wash was performed with isopropyl alcohol. The powders were dried at 80°C for 8 h. The polymer resins were calcined at 300°C for 4 h at a heating rate of 10°C/min in ambient atmosphere, obtaining a material with porous structure due to partial decomposition of the polymer and consequent release of gas. The material obtained was deagglomerated in a mortar. The powders were calcined at 700°C for 2 h, at a heating rate of 10°C/ min in ambient atmosphere.
Sample characterizations
BaWO4 and BaMoO4 powders were structurally characterized by X-ray diffraction (XRD) patterns recorded using a RIGAKU -ULTIMA IV X-Ray with Cu-Kα radiation (λ=1.5406 Ǻ) in the 2θ range from 20°t o 80°with a scanning rate of 0.02°/min. Field emission scanning electron microscopy (FEG-SEM) Zeiss -Sigma was employed to verify the morphology of these powders. X-ray absorption near edge spectroscopy (XANES) and extended X-ray absorption fine structure (EXAFS) measurements at the W LIII-and Mo K-edges of BaWO4 and BaMoO4 samples were collected in transmission mode as a function of the temperature using a Si(111) channel-cut monochromator at the LNLS (National Synchrotron Light Laboratory) facility. The extraction and fit of the EXAFS spectra were performed using the multi-platform applications for X-ray absorption (MAX) software package [12] and theoretical spectra were obtained using the FEFF9 code [13] . UVVisible spectroscopy was taken with a Varian Cary −5 G. Photoluminescence (PL) spectra were taken with a Coherent Innova, with a wavelength excitation 350 nm generated by krypton ion laser Ceramics International 43 (2017) [4462] [4463] [4464] [4465] [4466] [4467] [4468] [4469] with adjustable output power of 200-800 mW, the width of the slit in the monochromator used is 200 nm. PL measurements were performed using a Monospec 27 monochromator (Thermal Jarrel-Ash) coupled to a R446 photomultiplier (Hamatsu Photonics) compound of a lock-in SR-530. All the above measurements were performed at room temperature. The H 2 Temperature-Programmed Reduction (H 2 -TPR) was performed using a Quantachrome ChemBET-3000 instrument equipped with a thermal conductivity detector. Prior to the analysis 100 mg of the sample were packed into a quartz cell, heated for 2 h at 200°C under a He stream and then cooled to room temperature. The experiments were performed between 25 and 950°C in a flow of 8% H 2 /N 2 , the temperature increasing linearly at a rate of 10°C min
. H 2 consumption was obtained from the integrated peak area of the reduction profiles relative to the calibration curve. CuO was used as calibration reference to quantify the total amount of H 2 consumed during the experiments. The O 2 -chemisorption measurements were conducted at 600°C using a ChemBET analyzer (Quantachrome Instruments).
Catalytic tests
The catalytic oxidation reactions of toluene were performed in a fixed-bed tubular quartz reactor, placed in an oven, under atmospheric pressure. The following conditions were chosen: 0.11 g of catalyst, inlet toluene ( > 99%, Vetec) concentration 0.7 g m −3 in air, gas flow rate 20 cm 3 ·min −1 , residence time 0.3 s, gas hourly space velocity 12000 h −1 and temperature range 50-400°C. The catalyst was placed in the middle of the reactor with thermocouples located on the top and bottom of the catalyst bed to monitor the reaction temperature. The catalyst was previously activated in situ under air atmosphere at 250°C for 1 h. The reagent feed was delivered into the reactor system using a peristaltic pump (Minipuls 3 -Gilson®). The reaction data were collected after at least 2 h on stream at room temperature. The reactant and product mixtures were analyzed with two in-line gas chromatographs equipped with FID and TCD detectors and an HP-5 column.
The catalytic activity was expressed as the percent conversion of toluene. The conversion of the toluene was calculated as follows:
, where C(%)=percentage of toluene conversion, [Q] in =input quantity and [Q] out =output quantity of toluene, according to the chromatograms. 
Results and discussion

X-ray diffraction analysis
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Ceramics International 43 (2017) [4462] [4463] [4464] [4465] [4466] [4467] [4468] [4469] for BaWO 4 and N°50821 for BaMoO 4 . For BaWO 4 MAH powders, XRD pattern shows high intensity diffraction peaks, related to crystallographic planes (020), (220) and (033) indicating the preferential growth in these plans, the same happens for the XRD patterns of the BaMoO 4 MAH powders, where the crystallographic planes (020), (220) and (003) have preferred directions. No diffraction peaks related to secondary phase were detected. X-ray patterns confirm purity of materials at both preparation methods.
Scanning electron microscope analysis
From the FEG-SEM micrographs were observed that the BaWO 4 PPM (Fig. 2a) and BaMoO 4 PPM (Fig. 2b) powders have rounded shape with agglomerated nature and average diameters of 100 nm. Fig. 2c and d show FEG-SEM micrographs of BaWO 4 MAH and BaMoO 4 MAH powders, respectively. In these figures were observed shuttle-like crystals with four prominences in the middle part, with particles sizes between 2 and 50 µm. When prepared without polymeric agents, these powders show octahedral morphology [14] . Besides the effects of polymeric agents, the type of processing using microwave is also responsible for this morphological change [5] . The anisotropic particle shape justifies the peaks observed in X-ray diffractograms which revealed preferential growth along the planes (020), (220) and (033) for BaWO 4 MAH and the planes (020), (220) and (003) for BaMoO 4 MAH.
X-ray absorption spectroscopy (XAS) measurements
The structures of the BaWO 4 and BaMoO 4 samples were also characterized by X-ray absorption spectroscopy (XAS) measurements. XANES spectra provide information on the coordination symmetry and valence of ions incorporated in a solid. The energy of the absorption edge shifts according to the valence of the absorbing ion, because the binding energy of bound electrons rises as the valence increases. Also, the shape of the absorption edge depends on the unfilled local density of states and the coordination symmetry of the absorbing element. Fig. 3a presents the XANES spectra at W L III -edge for BaWO 4 samples and the spectrum of a WO 3 standard reference whereas Fig. 3b shows the XANES spectra at Mo K-edge for BaMoO 4 samples and MoO 3 standard reference.
The XANES spectra in the W L III -edge of BaWO 4 samples, as it can observed in Fig. 3a , present different features compared to the XANES spectrum compared of the reference compound (WO 3 ). In these spectra, the white line mostly derives from electron transitions from the 2p 3/2 state to a vacant 5d state. 15 As the form and the shape of white line depend on the particular structure, this difference is expected because the WO 3 compound has a W atom in an octahedral environment [15] . We have observed no significant change in these XANES spectra as a function of the preparation method for BaWO 4 samples. It can assert that the first coordination shell around tungsten atoms is formed by four oxygen atoms in a quite regular structure independently of the synthesis conditions [15] . The similarity of the post-edge XANES spectra also indicates that second and further coordination shells are quite. Similar conclusion can be reached with the observation of Fig. 3b , which exhibits the XANES spectra at Mo Kedge for BaMoO 4 samples. The pre-edge peaks in XANES spectra of BaMoO 4 samples are attributed to the transition from Mo 1 s states to Mo 4d, which is dipole-allowed for tetrahedral symmetry because of the hybridization with O 2p states [16] . The same feature results in a shoulder for MoO 3 standard compound, which presents a distorted octahedral coordination [16] . The short-range structural data provided by EXAFS offer an element-specific insight, giving quantitative information about the number, position and identity of atoms surrounding the absorbing element as well as structural disorder within the coordination spheres. Fig. 4 shows the modulus of k 3 weighted
Fourier transform of BaWO 4 and BaMoO 4 samples extracted from W L III -and Mo K-edge EXAFS spectra, respectively. In order to obtain quantitative information of the local structure around W and Mo atoms, Fourier transform curves were then back Fourier transformed between 1.0 and 2.0 Å to obtain the experimental EXAFS spectra to fit using a theoretical model calculated from the FEFF9 code and crystallographic information according the XRD measurements. In all fits, the number of free parameters was kept smaller than the number of independent points, which is defined as N ind =2ΔRΔk/π, where ΔR is the width of the R-space filter windows and ΔK is the actual interval of the fit in the k space [17] . The reliability of the fit, determined by a quality factor (Q),57 the interatomic distances (R) and Debye-Waller factor (σ 2 ) relatives to the best fits are shown in Tables 1, 2 . According to the structural model, the absorber atom is surrounded by, in this order, two shells with four O atoms each, two shells with four Ba atoms each, one shell with four W or Mo atoms and three shells with four O atoms each. Thus, the more intense peak, between 1.0 and 2.0 Å in the Fourier transforms, corresponds to a single scattering interaction between the first four O atoms around the absorber atom. region observed between 2.0 and 5.0 Å. This region also includes multiple scattering. The extracted parameters confirm the assumption that preparation method does not introduce high order disorders into the structure. The radial distance (R) for all shells do not change considerably with the preparation method for BaWO 4 and BaMoO 4 samples. Moreover, we can trace an increase of oxygen vacancies following the average coordination number (N) for the second O-shells. Furthermore, samples prepared by the polymeric precursor method show a lower coordination number in some shells. It can suggest the presence of imperfectness in the crystal lattice. As shown by FEG-SEM micrographs, the average particle size is lower for these samples. Because of this, large amount of the atoms should be placed at the boundary of particles resulting in a lower number of neighbors [18] .
UV-Visible absorption measurements
UV-vis measurements were performed in the diffuse reflectance mode and the optical band gap (E gap ) was estimated by method proposed by Kubelka and Munk [19, 20] . Fig. 5a shows the UV-vis spectra of BaWO 4 powders and Fig. 5b shows the UV-Vis spectra of the materials studied in this work and of the values observed in the literature may be related to particle morphology, type of synthesis, time and processing temperature [4] . All these factors result in different structural defects such as oxygen vacancies and distortions on the links, which are capable of promoting the formation of intermediate energy states within the band gap [24] .
The molybdates and tungstates have a typical optical absorption process characterized by direct electronic transitions occurring of maximum energy states located near or in the valence band to minimum energy states located below or in the conduction band. Due to have fewer intermediate energy levels between the valence band and conduction band these materials have a high E gap value and this value is associated with the degree of order and disorder structural of the materials at an average distance [25] . Fig. 6 shows the PL spectra of BaWO 4 and BaMoO 4 powders prepared by the two methods proposed in this paper. Photoluminescence spectra show a broad band covering the visible electromagnetic spectrum in the range of 400-800 nm, and the profile of the emission band is typical of a multi-fonon and processes at various levels involving the participation of several states within the band gap of the material [24] . The maximum emission peaks are centered on 459 nm and 485 nm for BaWO 4 , and 491 nm and 498 nm for BaMoO 4 prepared by polymeric precursor method and microwaveassisted hydrothermal method, respectively. Values close to those found in the literature, which is 542 nm to BaMoO 4 [7] and BaWO 4 [25] . Both materials prepared by microwave-assisted hydrothermal method show higher emission intensity when compared to materials synthesized by polymeric precursor method. The factors that influence the emission intensity are different such as processing temperature, degree of aggregation and orientation between the particles, variations in particle size distribution, particle morphology and surface defects [24] .
PL measurements
Some authors suggest that the green photoluminescence band of barium tungstates is due of oxygen vacancies caused by distorted tetrahedral clusters [WO 4 Fig. 7 shows the H 2 -TPR profiles of the BaMoO 4 and BaWO 4 powders. It can be observed different reducibility of the samples according to the synthesis method. The peaks represent the successive reduction steps of the Mo and W species, respectively, since the Ba reduction usually occurs at higher temperatures. For both BaMoO 4 and BaWO 4 produced by microwave assisted hydrothermal method, it can be observed signals at lower temperatures than those of the samples produced by polymeric precursor method. This suggests the presence of more oxidized species in the MAH samples. For the BaMoO 4 MAH sample, intense signals at about 530 and 660°C indicate the presence of high amount of high-oxidized Mo with small particle size dispersion. For BaMoO 4 PMM sample it can be observed a broad and with low intensity signal starting at about 300°C, suggesting the presence of larger particles compared to the BaMoO 4 MAH sample. The amount of removable oxygen atoms was considerable smaller for the sample produced by PPM route compared to the MAH material (Fig. 8b) , in according with the suggested more labile oxygen removable at lower temperature. In the same way, for the BaWO 4 samples, the amount of Ceramics International 43 (2017) [4462] [4463] [4464] [4465] [4466] [4467] [4468] [4469] removable oxygen was considerable large for the MAH sample compared to the PPM sample, suggesting a presence of smaller amount of W at the sample. The broader signal for BaWO 4 PPM indicates a large distribution of the particle size for this material.
H 2 -TPR measurements
Catalytic activity tests
The synthesized samples were investigated as solid catalysts towards the gas-phase toluene oxidation reaction. Fig. 8a shows the toluene conversion as a function of the reaction temperature. The catalysts showed the same tendency, that is, the reagent conversion increased with the increase in the reaction temperature. The only products detected during the experiments were water and carbon dioxide. Without the catalyst, the toluene thermal oxidation started at about 350°C and achieved only 3% conversion at 500°C. In the presence of the catalyst, no significant conversion was detected at very low temperatures. The catalysts displayed activities from 150°C, especially BaWO 4 MAH that reached almost 15% of toluene conversion at this temperature. The results showed that the toluene conversion was influenced by the type of catalyst. The BaWO 4 samples were more active than BaMoO 4 samples presenting the highest conversion levels mainly in the reaction temperatures above 150°C. The superior oxidation performance of BaWO 4 samples can be ascribed to the higher oxygen mobility and oxygen vacancies, estimated by means of H 2 -TPR and O 2 -chemisorption measurements (higher hydrogen consumption Fig. 8b and larger oxygen uptake Fig. 8c , respectively) [31, 32] . It can be inferred from Fig. 8b that the consumption amount of hydrogen varies from 346.1 μmol/g cat for BaWO 4 MAH, the most active catalyst, to 184.8 μmol/g cat for BaMoO 4 PPM, the less active catalyst. This indicates that the mobile oxygen species available on the BaWO 4 MAH surface is larger than that of BaMoO 4 PPM [33] . The O 2 -chemisorption measurements presented in Fig. 8c also support the H 2 -TPR analysis. From these values, it can be estimated the total amount − ) that could be consumed by the organic compound. These vacancies are filled by the oxygen atoms that diffuse from the bulk to the surface of the catalyst or by di-oxygen in the air stream during the process. Thus abundant mobility of active lattice oxygen species enhanced by oxygen vacancies improves the catalytic activity in the toluene oxidation [34] [35] [36] [37] [38] [39] . Table 3 shows the light-off temperature (T30, approximate temperature for the 30% toluene conversion) for toluene oxidation over the most active catalyst in the present study (BaWO 4 MAH) and some catalysts used in previous investigations [40] [41] [42] [43] [44] . It can be observed that the performance of the BaWO 4 MAH catalyst is comparable or superior to those of some catalysts reported in the literature, including noble metal based catalysts which are preferred for this process [45] . Although the data presented in this table have been reported using different reaction conditions, and therefore, the comparison between the catalytic behaviors must be done with precaution, they are useful to give us an idea of the good catalytic potential of the samples prepared in the present study.
Conclusions
BaWO 4 and BaMoO 4 powders were successfully synthesized by microwave-assisted hydrothermal method and by polymeric precursor method. XRD patterns showed that the BaWO 4 and BaMoO 4 powders have a scheelite-type tetragonal structure with space group I4 1 /a, without diffraction peaks related to secondary phase. SEM-FEG micrographs showed that BaWO 4 and BaMoO 4 powders prepared by the polymeric precursors method present rounded shape with agglomerated nature while BaWO 4 and BaMoO 4 powders prepared by microwave-assisted hydrothermal method present shuttle-like crystals with four prominences in the middle part, with polydisperse particles sizes distribution due polymeric agents and processing using microwave. From the EXAFS results we could state that the vacancies are introduced in BaWO 4 and BaMoO 4 samples mainly for that prepared by precursor polymeric method and apparently the BaWO 4 samples present increased the content of oxygen vacancies relative to the BaMoO 4 samples. The E gap value was associated with the degree of order and disorder structural of the materials at an average distance. PL emission at room temperature was attributed to the the chargetransfer transitions within the [ 
